Many proteins change their conformation upon ligand binding. For instance, bacterial periplasmic binding proteins (bPBPs), which transport nutrients into the cytoplasm, generally consist of two globular domains connected by strands, forming a hinge. During ligand binding, hinge motion changes the conformation from the open to the closed form. Both forms can be crystallized without a ligand, suggesting that the energy difference between them is small. We applied Simplicial Neighborhood Analysis of Protein Packing (SNAPP) as a method to evaluate the relative stability of open and closed forms in bPBPs. Using united residue representation of amino acids, SNAPP performs Delaunay tessellation of the protein, producing an aggregate of space-filling, irregular tetrahedra with nearest neighbor residues at the vertices. The SNAPP statistical scoring function is derived from log-likelihood scores for all possible quadruplet compositions of amino acids found in a representative subset of the Protein Data Bank, and the sum of the scores for a given protein provides the total SNAPP score. Results of scoring for bPBPs suggest that in most cases, the unliganded form is more stable than the liganded form, and this conclusion is corroborated by similar observations of other proteins undergoing conformation changes upon binding their ligands. The results of these studies suggest that the SNAPP method can be used to predict the relative stability of accessible protein conformations. Furthermore, the SNAPP method allows delineation of the role of individual residues in protein stabilization, thereby providing new testable hypotheses for rational site-directed mutagenesis in the context of protein engineering. Proteins 2004;56:828 -838.
INTRODUCTION
The soluble periplasmic binding proteins of Gramnegative bacteria play an important role in the delivery of nutrients from the periplasmic space to the cytoplasm.
These bacterial periplasmic binding proteins (bPBPs) bind small molecules, such as sugars, amino acids, and small peptides, and then transport the ligands to permeases bound to the cytoplasmic membrane. The permeases interact with the bPBPs to release the ligands for translocation into the cytoplasm. 1, 2 Although bPBPs vary considerably in size and share little homology, 3 they generally adopt the same structural motif, which consists of two domains connected by two or three peptide strands. The strands act as a hinge that enables the domains to open and close in a manner analogous to a Venus flytrap. When the ligand enters the cleft between the two domains in the open conformation, torsional angles in the hinge region change to bring the domains together to entrap the ligand in the closed conformation. 4 Binding constants for bPBPs are generally in the micromolar range, and the ligands are held in place by hydrogen bonds and van der Waals interactions. 5 The existence of open and closed conformations for bPBPs has been demonstrated by X-ray crystallography for several proteins, including arabinose-binding protein (ABP), 6 leucine/isoleucine/valine-binding protein (LIVBP), 7 leucine-binding protein (LBP), 8 histidine-binding protein (HBP), 9 ,10 molybdate-binding protein (ModA), 11 sulfatebinding protein (SBP), 12, 13 phosphate-binding protein (PBP), 14 -16 galactose/glucose-binding protein (GGBP), [17] [18] [19] [20] ribose-binding protein (RBP), [21] [22] [23] [24] glutamine-binding protein (GlnBP), [25] [26] [27] lysine/arginine/ornithine-binding protein (LAOBP), 28, 29 allose-binding protein (ALBP), 30, 31 Haemophilus influenzae Fe 3ϩ -binding protein (hFBP), 32, 33 vitamin B-12-binding protein (BtuF), 34 Treponema pallidum Zn 2ϩ -binding protein (TroA), 35, 36 dipeptide-binding protein (DppA), [37] [38] [39] oligopeptide-binding protein (OppA), 40 -45 and maltose-binding protein (MBP). 46 -51 In addition, small-angle X-ray scattering (SAXS) experiments for ABP, 52 RBP, MBP and GGBP 53 have shown that the radius of gyration for these proteins decreases upon ligand binding, which is consistent with a change in overall protein conformation.
Two different models have been proposed to explain the mechanism of action for bPBPs. In the first model, 52 the protein exists in a stable open form, and interaction of the ligand with the protein triggers a conformational change to bring about closure. In the second model, 29 the protein exists in a dynamic equilibrium between open and closed forms in the absence of ligand, which allows for the existence of a closed unliganded conformation. Flocco and Mowbray 17 obtained an X-ray crystal structure of GGBP in a closed unliganded conformation, which supports this hypothesis. Disulfide-trapping experiments 54 between the two domains of GGBP in the absence of ligand and nuclear magnetic resonance (NMR) experiments with 5-fluorotryptophan or 3-fluorophenylalanine mutations in GGBP 55 also support the model of dynamic motion of the protein.
The ability to produce crystal structures of open and closed conformations of bPBPs in the absence of ligands and the results from the disulfide trapping studies suggest that the difference in energy between the open and closed forms is small. Calculations of adiabatic bending energy [E ϭ E H (hinge region) ϩ E L (remaining lobe ϩ lobe-hinge interactions)] and net free energy on ABP by Mao et al. 56 imply that the open conformation should be more stable than the closed conformation by approximately 40 kcal/ mol in the absence of ligand. Binding of arabinose would decrease the energy difference by 60 kcal/mol through displacement of waters and would be sufficient to overcome the energy difference between the open and closed forms.
Recently, SNAPP [57] [58] [59] [60] [61] [62] was introduced as a method to analyze protein packing. SNAPP is built upon Delaunay tessellation 63 of protein structures using united residue (i.e., single point) representations of amino acids. The tessellation process transforms this representation into an aggregate of space filling, irregular tetrahedra with nearest neighbor residues at the vertices. Log-likelihood scores for all observed quadruplet combinations of amino acids (a number close to the theoretically possible 8855 compositions) have been calculated using a representative subset of the Protein Data Bank (PDB), and the total SNAPP score can be calculated by summing the scores for all tetrahedra in the protein. 62 Studies on point mutations in several proteins showed good correlation between the change in SNAPP scores (⌬SNAPP) for wild-type and mutant proteins and ⌬(⌬G unfold ). 58 Recent studies in our group 59 have also demonstrated that the SNAPP potential was capable of discriminating between pre-transition state, post transition state, and native conformations of the chymotrypsin inhibitor 2 (CI2) protein (PDB code 2CI2) obtained in the course of folding simulations by Li and Shakhnovich. 64 Thus, we showed that the SNAPP score of pre-transition state was lower than that of the posttransition state, and that the native conformation of CI2 had the highest SNAPP score. We have also demonstrated for a number of proteins that SNAPP potentials successfully ranked native structures higher than their multiple conformational decoys. 59 These recent calculations suggest that the SNAPP score not only correlates with the stability change caused by mutations but it can be used to characterize conformational stability of proteins as well.
In this paper, we have applied the SNAPP method to evaluate the relative stabilities of the open and closed forms of several bPBPs. We find that, in the majority of cases, the results of calculations are in a good agreement with experimental observations suggesting that the open (unliganded) conformation is more stable than the closed (liganded) one without taking protein-ligand interactions into account. In addition, we have extended the study to other binding proteins that undergo conformational change to demonstrate the generality of our conclusions based on the results for bPBPs.
MATERIALS AND METHODS
X-ray crystallographic coordinates of the proteins in this study were taken from the PDB. 65 For GlnBP, the coordinates for residues 4, 225, and 226 in 1WDN were removed so that the protein would contain the same residues as 1GGG. A similar modification was made for calmodulin structures 1CFD (calmodulin), 1A29, and 1CLL to contain residues 4 -146, which all three have in common. The selenomethionine residues in 1N4A and 1N4D were replaced with methionine prior to calculation of the SNAPP scores. Finally, the coordinates for the lysine ligand in 1LST were removed, since the ligand was assigned to the A chain in the PDB file and would be considered by the SNAPP program as part of the protein structure. For 1URP, 1GGG, 1TOA, 1N4A, 1N4D, 1DPP, and 1EZ9, more than one X-ray structure for the same conformation was available in the PDB files. Scores were examined for all such structures, and no significant differences were noted within a given PDB file. Consequently, only the results for the A chains have been reported. SNAPP scores were calculated as previously described. 58 Briefly, Delaunay tessellation was performed on a set of about 1200 high-resolution protein structures from the PDB that had been selected for structural diversity (culled PDB database by R. Dunbrack: http://www.fccc.edu/ research/labs/dunbrack/pisces/culledpdb.html). 57 The resulting tessellation generated tetrahedra with nearest ANALYSIS OF PROTEIN CONFORMATIONAL CHANGE BY SNAPP neighbor residues at the vertices. The log-likelihood of four residues i, j, k, and l, forming a tetrahedron, was calculated as q ijkl ϭ log(f ijkl /p ijkl ), where f ijkl is the frequency of occurrence of a quadruplet in the set of proteins, and p ijkl is the expected frequency of occurrence of a given quadruplet based on the amino acid frequencies in the set of proteins. In this manner, scores were assigned for nearly all of the 8855 possible amino acid quadruplets.
Proteins in this study were analyzed using a reduced, residue-based representation by replacing the residues with side chain centroids. Delaunay tessellation was performed to generate tetrahedra of nearest neighbors, and the total SNAPP score for a given protein was calculated by summing the log-likelihood scores for all tetrahedra involving contacts between residues in the protein that are not immediately consecutive in the primary sequence. The complete SNAPP method has been implemented in an interactive web interface available at http:// mmlsun4.pha.unc.edu/3dworkbench.html. Total SNAPP scores were calculated using the MuSE module (Mutation with SNAPP Evaluation), which reports the value as the native score. SNAPP scores per residue for each protein were obtained from the ProCAM module, which also provided a list of all tetrahedra in which a given residue participated. Differences in score per residue were then calculated for the open and closed forms and were plotted against residue number to obtain the differential SNAPP score plots. An arbitrary cutoff threshold of Ϯ2 units was employed to distinguish residues that contribute most to the total SNAPP score. Molecular models for the figures were created using Sybyl version 6.7 (Tripos, Inc., St. Louis, MO).
RESULTS AND DISCUSSION
Although X-ray crystal structures are available for a number of bPBPs, we chose for our studies the following proteins, which were crystallized as wild-type in both the open and closed forms: RBP, GlnBP, ALBP, hFBP, LAOBP, BtuF, TroA, MBP, DppA, and OppA. Multiple conformations of the open, unliganded form were available for ALBP and MBP, and multiple closed forms containing different ligands were available for LAOBP, OppA, and MBP. Finally, open forms of MBP were available that had been co-crystallized with a ligand. All of these crystal forms were included in this study, and the PDB codes, ligands, and total SNAPP scores are reported in Table I . Total SNAPP scores were calculated according to the procedure given in Materials and Methods. Ligands were not included in the calculations, since SNAPP operates directly on the protein structure. Consequently, the total SNAPP scores provided a measure of stability of the proteins only in each conformation, and the conformation with the higher total SNAPP score would be expected to be more stable in the context of the protein structure alone. . The proteins in this group (with the number of residues in the range from 226 to 309) gave total SNAPP scores ranging from approximately 40 to 90 units. Although the magnitude of the total SNAPP score is dependent on the number of residues to a certain extent, the value of the score is also a composite of favorable and unfavorable packing scores for the individual residues (see below). For example, RBP has 271 residues, ranking it near the middle of the group, but it gave the lowest score. GlnBP and hFBP represent the smallest and largest of the bPBPs in the group, having 226 and 309 residues respectively, yet both scored approximately 55 SNAPP units. BtuF and TroA have 242 and 276 residues, respectively, but they scored the highest. The latter two proteins represent a subclass of bPBPs in which the two domains are connected by a single ␣-helix of approximately 30 amino acids instead of two or three peptide strands. Thus the magnitude of the scores is more a function of protein packing than of sequence length.
Of the proteins in this group, RBP, GlnBP, ALBP, hFBP, and BtuF all had higher total SNAPP scores in the open, unliganded form than in the closed, liganded form. The liganded form of TroA scored higher than the unliganded form; however, TroA is unusual, because the liganded form is actually more open than the unliganded form. 36 Consequently, the results remain consistent with those of the rest of the group, since the open form scored higher than the closed form. A similar result was observed for representative structures of DppA and OppA [ Fig. 1(b) ], and MBP generally followed this trend as well, as will be discussed below. Examination of the scores in Table I shows that the difference was approximately 3.1 units for RBP, 3.7 units for GlnBP, 6.4 units for hFBP (nearly double that of RBP and GlnBP), 0.4 units for BtuF, and 2.4 units for TroA. The three open, unliganded forms of ALBP differed in the angle of opening of the binding cleft (43°, 37°, and 33°), and interestingly, the total SNAPP score decreased in accordance with the degree of opening, from 10.7 to 9.4 to 6.1. For LAOBP, on the other hand, the three closed forms containing Arg, Lys, or Orn as ligands scored as high as or higher than the open form, with differences of 2.6, 1.6, and 0.04, respectively. The closed form containing His scored lower than the open form by 1.1 SNAPP units. Except for LAOBP, the higher scoring of the open forms relative to the closed forms suggested that the packing of the residues in the open form was more stable than that of the closed form when the ligand was not taken into account.
To better understand the difference in the SNAPP scores between the open and closed conformations, differential SNAPP profiles were generated to characterize the role of individual residues in the structures. SNAPP scores per residue were calculated for each conformation as described in Materials and Methods, and the difference in scores per residue was then plotted against residue number. Figure  2 (a) illustrates the differential profile for ALBP, for which the 43°open (1GUD A chain) and closed forms (1RPJ) were compared. The figure shows that a relatively small num-ber of residues (K9, F15, I23, D91, K93, N114, A146, L188, D227 and Q247, with L90 scoring close to the arbitrary threshold) contributed most to the difference in total SNAPP scores and thus to the relative stability of the protein. Of these, only I23 and L90 scored more favorably in the closed form, meaning that the majority of the significant contributors favored the open conformation, and all residues except I23 and L188 were located in or near the binding pocket.
The tessellation pattern for D91, as depicted in Figure  2 (b), illustrates how residues in one domain of the binding pocket may gain additional contacts from residues in the other domain upon ligand binding, which may provide favorable or unfavorable contacts. D91 had a score of Ϫ1.1 from five tetrahedra in the open form and of Ϫ3.9 from 12 tetrahedra in the closed form, indicating that burial of this hydrophilic residue between the domains had a destabilizing effect, as would be expected. Similarly, L90 had a score of 4.5 from 10 tetrahedra in the open form and 6.4 from 12 tetrahedra in the closed form, which indicates that burial of hydrophobic L90 in the binding pocket upon closing contributed favorably to stability, which would also be expected. D91 forms hydrogen-bonding contacts with allose in the closed form, which provides offsetting stability for this residue in the binding pocket.
The effect from residues I23 and L188 suggests that repacking of the protein also affects the stability of the structures. I23 had a score of 6.8 in the open form from 11 tetrahedra and of 9.3 in the closed form from 13 tetrahedra. The score for L188 changed from 4.7 from 11 tetrahedra in the open form to 2.6 from 9 tetrahedra in the closed form. Thus, even though these residues were located away from the binding site, their change in scoring and number of interactions indicates that the conformational change affects packing within the domains themselves.
A differential profile analysis was also performed for LAOBP to understand why the open form scored lower than most of the closed forms. Unlike ALBP, for which the majority of significant residues had more positive scores in the open form than in the closed [ Fig. 2(a) ], LAOBP had more positive scores in the closed form, as seen in Figure  3 Since SNAPP scores are derived from the combination of the number of contacts between residues and the loglikelihood of tetrahedral quadruplet compositions of those residues, we decided to dissect the results further by determining the number of contacts gained or lost per residue upon closure. These results are shown in Figure  3 (b) for 2LAO and 1LAF. Of the three residues indicated in Figure 3 (a) that scored more favorably for the open form, D51 and A141 gained eight and five contacts, respectively, and lost none upon closure, while F231 gained no contacts and lost two upon closure yet scored more favorably in the open form. In the case of the remaining six residues in Figure 3 (b) that favor the closed form, A89, E162, K186 and G237 lost more contacts than they gained upon closure. F191 and V235 each lost and gained one contact. The differential SNAPP scores for F191 (Ϫ2.2) and V235 (Ϫ2.5) were on the same order as K186 (Ϫ2.4), which lost seven contacts and gained none, however. Taken as a whole, these results show that large changes in the number of contacts do not guarantee a large change in SNAPP score, and that even small changes in the number of contacts can have a significant effect on the score.
bPBPs Binding Oligopeptides and Oligosaccharides
DppA and OppA are two of the largest bPBPs, having 507 and 517 residues and molecular weights of 57 and 59 kD, respectively. In addition, DppA and OppA have three domains instead of the two found in the other bPBPs, 37 but only domains I and III are directly involved in ligand binding. Unlike most bPBPs that bind monosaccharides or ions, OppA binds to peptides of two to five amino acid residues in length, and both DppA and OppA can bind peptides with diverse sequences. The peptide ligands generally adopt an extended conformation, and most of the contacts between protein and ligand are through hydrogen bonds between protein side chains and the peptide backbone. Ordered waters in the binding pocket also play an important role in binding, 45 especially in the region around position 2 of the peptide. These waters serve to fill space depending on the size of the residue, provide hydrogenbonding contacts, and dissipate charge from the ligand.
The results for DppA and OppA are recorded in Table I . A total of 31 closed-form crystal structures were available for OppA with a number of different peptides as ligands. As previously mentioned, the results in Figure 1(b) show that the open forms in both DppA and OppA had higher SNAPP scores than their respective closed forms, again suggesting that the open forms are more stable than the closed form when the ligand is not taken into account. The difference was 8.1 to 8.8 units for DppA and 2.2 to 15.7 units for OppA. Thus, the OppA closed structures scored across a range of 13.6 SNAPP units, even though the backbone root mean square deviation (RMSD) of the complexes was less than 0.6 Å.
Differential SNAPP analysis for OppA was performed by comparing the differences in scores for a number of closed forms, including 1B3G (total score of 120.7) and 1B3L (total score of 107.3). Here, L348 (2.6) and R237 (2.0) were the only residues that met our cutoff of Ϯ2 units for significant contribution. Several residues scored above Ϯ1.7 units, however, namely A1 (1.8), F74 (1.7), L113 (1.7), F155 (1.8), Y156 (2.0), I218 (1.7), Y236 (Ϫ1.9), F353 (1.7), V388 (1.7), and P423 (1.8). Residues Y236 and R237 were in or near the binding pocket, and residues F74, L113, F155 and Y156 were located in the domain that does not directly participate in the binding of the ligand. The remaining residues were located in the hydrophobic cores of the two domains that bind to peptides. Similar results were obtained in comparisons between other pairs of closed structures, such as 1JEV (111.8) and 1B3L (107.2) or 1B3G (120.7) and 1QKB (114.6). The latter pairing had a much smaller number of residues with scores above Ϯ1.7 units (F69, W72, L113, L148, F155), and these were all located in the domain not involved in ligand binding. Since OppA can bind a number of different sequences of differing lengths, it is likely that the protein repacks the hydrophobic cores of the domains to accommodate the ligands while retaining binding in the nanomolar to micromolar range.
MBP is capable of binding a number of different maltodextrins, as demonstrated by crystal structures including maltose, maltotriose, maltotetraose, reduced maltodextrins maltotriitol and maltotetraitol, and ␤-cyclodextrin. In addition, MBP is one of the few bPBPs that have been successfully co-crystallized in the open form with a ligand. The data for the MBPs are recorded in Table I , and Figure  1(b) shows the results for crystal structures with either no ligand or with maltodextrins. In general, the data show that the majority of open forms have higher total SNAPP scores than the closed, liganded forms. This was true whether the proteins were crystallized in the absence of ligand (1OMP and 1JW4), were co-crystallized with a ligand (1FQB, 1EZ9, and 1FQA), or were crystallized in the absence of ligand and the crystal was later saturated with ligand (1JW5). This is consistent with our results for most of the other bPBPs described above.
The two exceptions to the general trend were 1FQD, which is a closed form crystallized with maltotetraitol, and 1DMB, which is an open form containing ␤-cyclodextrin. Differential SNAPP analysis between 1FQD and 1FQC (closed form with maltotriitol) showed high changes in scoring for L135 (Ϫ2.5), L147 (Ϫ2.7), F149 (2.4), L160 (Ϫ2.0), L195 (Ϫ2.8) and L198 (2.3), which are located in the C-terminal domain, and for L285 (2.0) and L304 (2.0), which are located in the N-terminal domain. As can be seen, the distribution between positive and negative scores was nearly even, and the net difference was small. However, residues I11, I79, F85, L89, V97, I108 and A264 in the C-terminal domain and D136 and P159 in the Nterminal domain all had differential scores between 1 and 2 that showed more favorable packing in 1FQD than in 1FQC. Only four residues (I132, A223, L262, and L275) scored between Ϫ2 and Ϫ1 to favor packing in 1FQC. None of these residues were located in the binding site but were 
Extension of SNAPP Analysis to Other Ligand Binding Proteins
Based on the results we obtained for SNAPP analysis of bPBPs, we decided to extend our application to non-PBP structures that also display large-scale movement upon ligand binding. As is shown in Table II and Figure 4 , we have applied SNAPP analysis to crystal structures of dihydrofolate reductase (DHFR), 66 adenylate kinase, [67] [68] [69] and calmodulin. 70 -72 The open form of calmodulin was taken from a reported NMR structure, since no crystal structure was available. Adenylate kinase displays a hingebased motion that is similar to that of the bPBPs; however, a third domain that forms a peptide core separates the two domains that undergo motion. DHFR undergoes the most complex motion and displays three states, namely open, closed and occluded. The open state acts as a bridge between the closed and occluded conformations. 66 Calmodulin displayed a change of approximately 30 SNAPP units, which is the largest change observed for all proteins studied in this work. The results again support our hypothesis. Except for closed form 1RX3, which scored the highest, all closed or occluded structures had lower SNAPP scores than the open, unbound forms.
Analysis of differential SNAPP profiles (data not shown) identified specific residues in the hydrophobic cores of these proteins that contribute the most to the observed differences in the SNAPP scores. The results for calmodulin were particularly striking. Twenty-eight residues scored over 2 units in the differential profile, and seven of these scored higher than 6 units. The large changes observed in calmodulin were consistent with the packing of this protein in the apo and liganded states. In the bound form, calmodulin contains two globular domains that are connected by a central helix covering residues 65-92. Each domain is organized into EF-hand motifs that present a hydrophobic pocket involved in the binding of calmodulin to enzymes. In the apo state, residues 76 -81 act as a flexible linker that breaks the central helix into two segments, and the helices within each domain are packed more closely. 71 From the point of view of protein packing, the apo state appears to be more stable, as reflected by the total SNAPP score, and the liganded state gains stability from the binding of calcium and the interaction of the hydrophobic pocket with target enzymes. Thus, the results of this additional analysis confirm the overall generality of the trend observed in bPBPs, in that the open conformations of proteins appear to be more stable than the closed (i.e., liganded) ones when the effect of the protein-ligand interactions is not taken into consideration.
Discussion
SNAPP provides a method of analyzing protein packing and stability based on unambiguous designation of nearest neighbor residue quadruplets and the associated four-body statistical pseudopotentials. In a previous study, 58 the effect of point mutations in the hydrophobic core of five proteins was examined. Good correlations (R 2 ϭ 0.86) were obtained between the change in free energy of unfolding [⌬(⌬G unfold )] for the proteins and the change in SNAPP score (⌬S SNAPP ) arising from the mutation. Correlations could be improved further using the average SNAPP score per residue to take into account protein-specific effects. As discussed in the Introduction, previous studies have also demonstrated that SNAPP score correlates with protein conformational stability. 59 Thus, SNAPP pseudopotentials provide a method to relate protein packing with thermodynamic stability.
Here we have extended SNAPP from the analysis of individual mutations to the evaluation of the entire pro- tein structure. In particular, we have applied SNAPP to examine proteins that undergo significant conformational changes as a result of ligand binding. Total SNAPP scores were calculated for the open and closed conformations of bPBPs and several other proteins that exhibit different conformational states in the liganded and unliganded states. Since the proteins undergo conformational change, the tessellation patterns for the open and closed forms are different, as certain residues gain or lose spatial proximity as a result of domain movement. Consequently, the SNAPP scores per residue will also change between the two forms, which in turn will change the total SNAPP score for the protein. Given the nature of the scoring process, the conformation for a given protein having the higher total SNAPP score is expected to be more stable.
For RBP, GlnBP, ALBP, hFBP, BtuF, DppA and OppA, the open, unliganded conformation scored higher than the closed conformation, suggesting that for all of these proteins, the open, unliganded conformation is more stable than the closed conformation when protein-ligand interactions are not taken into account. As previously mentioned, BtuF and TroA are structurally different because the two domains are connected by a single long helix, whereas the domains in the other proteins are connected by two to three strands and have more flexibility. BtuF opens to a smaller extent than do the other bPBPs through a rigid body rotation at residue P105 at the end of the helix in the N-terminal domain. 34 Although TroA is structurally similar to BtuF, the movement of the domains is different. In the unliganded form of TroA, the C-terminal domain tilts 4°with respect to its position in the liganded form, which results in a form that is closed more in the apo form than in the liganded form. 36 The tilting also exposes more of the hydrophobic contacts between the domains to solvent, which is unfavorable. Thus, the open form of TroA scored higher than the closed form, even though the open form was liganded and the closed form was unliganded.
Most of the MBP open conformations scored higher than the closed forms. Interestingly, open forms of MBP cocrystallized with ligands generally had higher SNAPP scores than the closed forms that were co-crystallized with ligands. These observations with MBP, along with the results for TroA, argue against a systematic effect associated with the presence of the ligand that may have caused closed, liganded forms to have a lower score than open, unliganded forms. LAOBP was the one bPBP for which the closed, liganded forms generally scored higher than the open, unliganded form. SNAPP evaluation of other proteins that undergo conformational change upon ligand binding also suggested that, in most cases, the unliganded form is more stable than the liganded form when the ligand is excluded. Overall, these results support the conclusion that the stability of the closed form is gained from hydrogen bonding and van der Waals interactions between protein and ligand, as shown by NMR and small-angle X-ray scattering experiments, but not from intramolecular interactions within the protein itself. This observation is to be expected, since if the opposite were true, then the binding of the ligand with the (more stable) closed protein conformation would be difficult if not impossible.
Differential SNAPP profile analysis provides a means to evaluate the contribution of the individual residues to the change in SNAPP score between open and closed forms. Hypothetically, these residues would then contribute most to the energetics of the conformational change, which could be tested experimentally by mutagenesis at these sites. The analysis of several proteins revealed that only a small number of residues contributed significantly to the difference in scores between the two conformations. The differential analysis of L90 and D91 in ALBP also demonstrated the power of SNAPP to correlate with the expectation that burial of these hydrophobic and hydrophilic residues would result in a favorable and unfavorable stability change, respectively, in the closed form without ligands. In fact, D91 is stabilized in the closed form by hydrogen bonding interactions with allose. 30 At first, it might be expected that most of the residues that contribute to the difference in score between conformations for bPBPs would be located along the surfaces of the domains that come together to form the binding pocket, since these residues would change tessellation patterns and SNAPP score per residue. This expectation was observed in the differential analysis of ALBP. On the other hand, the analysis of LAOBP indicated that residues behind the hinge region were also playing an important role, as shown in Figure 5 . Unlike most of the other bPBPs, the large movement of the two lobes in LAOBP is the consequence of a 52°rotation of a single backbone torsion angle ( angle of A90) in the first connecting strand as well as distributed smaller changes of three backbone torsion 
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angles of the second connecting strand. 29 It is noteworthy that SNAPP indicated that F231 on the C-terminal strand would score more favorably in the open form, since it is more 'buried' as a result of the interdomain contacts formed upon opening. Since bPBPs have little sequence homology and can vary in length by almost 300 residues, the domains and folding vary significantly, even though the proteins adopt the same general tertiary form. The manner of hinge opening among the bPBPs also varies because of structure, such that interdomain contacts will not be identical in all situations.
Differential SNAPP analysis also shows how ligand interactions with the protein affect the scoring of some structures, as seen for the closed form of MBP with maltotetraitol, the open form of MBP with ␤-cyclodextrin, and the closed form of OppA with various peptides. In this case, differential analysis was employed to compare two open or two closed conformations with one another. For both MBP and OppA, the residues that contributed most significantly to the differences were distributed throughout the protein structures. As previously mentioned, the OppA closed structures covered a span of 13.6 SNAPP units among themselves. Attempts described in the literature to correlate binding of the tripeptide ligands Lys-XLys with isothermal calorimetry (ITC) data 40, 42 and structure generally failed, although recently a quantitative structure-activity relationships (QSAR) model was developed using the Comparative Binding Energy (COMBINE) approach. 73 The COMBINE model uses ligand and protein desolvation energy, Coulombic interactions, and LennardJones interactions as variables to correlate with ⌬G, ⌬H, and T⌬S and takes into account ordered waters found in the binding pocket. Since SNAPP only measures protein packing, it does not directly account for such waters. Rather, the scores indirectly show the influence that the ligand and other variables such as water have on the overall packing of the protein.
Since bPBPs generally show higher scores for the open, unliganded form, we decided to examine proteins other than bPBPs that also display conformational motions to see if similar trends could be observed. The conformational motion of adenylate kinase and DHFR has been studied both computationally 74 and by X-ray crystallography, and a variety of crystal structures have been characterized, representing different conformational stages of their enzymatic cycles. 66, 69 Calmodulin showed the most dramatic change between open and closed forms, both in terms of the total SNAPP score and the differential SNAPP profile analysis. Notably, the X-ray structure for the open form was not available, so we used the NMR structure of the open form instead. It is possible that the dramatic difference between the SNAPP scores of the open and closed forms of calmodulin is due to the difference in the structural determination technique. The only other ligandbinding protein in this set for which we could find both X-ray (PDB code 1RG7) and NMR (PDB code 1AO8) structures was the closed conformation of DHFR complexed with methotrexate. In this case, the NMR structure indeed had a higher SNAPP score than the corresponding X-ray structure but only by less than three SNAPP units (data not shown). Therefore, the large difference in SNAPP scores for calmodulin is still most likely due to the conformational stability change and not to the effects caused by the structure determination technique. As previously mentioned, in all cases except for 1RX3, the open forms of these proteins scored higher than the closed or occluded forms without accounting for protein-ligand interactions. Although by no means exhaustive, the results found with these proteins are in agreement with our general observations for the bPBPs and illustrate the applicability of SNAPP to a variety of protein forms and conformational motions.
CONCLUSIONS
In summary, the results presented in this study are rather consistent in indicating that unliganded forms of proteins are more stable that liganded ones (without considering protein-ligand interactions) with only a few exceptions. Future studies using an all-atom SNAPP scoring function that considers ligand-protein contacts may establish correlations with experimental binding affinities of bPBPs. Another important component of our studies is that the differential profile analysis helps to identify residues mostly responsible for the stability change. This provides suggestions for specific protein sequence modification via site-directed mutagenesis, especially in non-binding regions of the proteins where mutagenesis is unlikely to influence ligand binding directly. These computational and experimental avenues for future research are under investigation in our laboratories.
